The cardiovascular risk factor apolipoprotein(a) (apo(a)) has a puzzling distribution among mammals, its presence being limited to a subset of primates and a member of the insectivore lineage, the hedgehog. To explore the evolutionary history of apo(a), we performed extensive genomic sequence comparisons of multiple species with and without an apo(a) gene product, such as human, baboon, hedgehog, lemur and mouse. This analysis indicated that apo(a) arose independently in a subset of primates, including baboon and human, and an insectivore, the hedgehog, and was not simply lost by species lacking it. The similar structural domains shared by the hedgehog and primate apo(a) indicate that they were formed by a unique molecular mechanism involving the convergent evolution of paralogous genes in these distant species.
Introduction
Apo(a) is a protein found nearly exclusively in covalent association with low-densitylipoprotein (LDL) in the plasma of humans. A most unusual feature of apo(a) is its extremely different levels in humans, varying almost a thousand fold among individuals (between less than 0.1 mg/dl to more than 100 mg/dl). This remarkable concentration polymorphism is mostly associated with the apo(a) locus [1; 2] and is dependent on both the polymorphic structure of apo(a) [3] and on regulatory elements controlling this gene [4; 5] .
The clinical relevance of apo(a) plasma levels relate to the direct association noted between it and the risk of developing coronary artery disease [6; 7; 8] . In spite of this well-established role in the pathogenesis of atherosclerosis, apo(a) has eluded attempts to define its essential biological functions. This is in part the result of the observation that no associated phenotypes have been detected in the large number of individuals having low to absent apo(a) plasma levels [9] . The structural similarity between apo(a) and its neighboring gene, plasminogen, suggests a possible mechanism by which apo(a) may promote the development of atherosclerosis through competition with plasminogen for fibrin binding [10] .
An additional unusual feature of apo(a) is its peculiar and very limited distribution among mammals, being found only in old-world monkeys and hominoids, and also in a member of the insectivore family, the hedgehog [11] . Considering that the insectivore and primate lineages split at the beginning of mammal radiation [12; 13] , the most likely evolutionary explanations for the appearance of the apo(a) gene in only a subset of primates and an insectivore involve the duplication of plasminogen followed by gene loss or convergent evolution. In a gene loss scenario, plasminogen would have duplicated before the split of D. Boffelli et al.
-3 -hedgehog ancestors from the other placental mammals and subsequently deleted in all species but those presently carrying the gene. For convergent evolution to explain apo(a) distribution among insectivores and primates, it would have arisen independently in each of these lineages through remodeling of plasminogen to acquire the functional properties of apo(a). A previous study, based on the partial hedgehog cDNA sequence analysis and reconstruction of the phylogenetic tree of plasminogen and apo(a), supported the hypothesis of separate duplication events, within the limitations of accurately calibrating and using the molecular clock to accurately estimate lineages branching times [14] .
The analysis of the sequence of the genomic locus containing apo(a) and its flanking genes in several species and of the corresponding orthologous intervals in species without apo(a) offers the most direct approach to decipher the evolutionary relationship between primate and insectivore apo(a). While BAC libraries were available for primates with apo(a) and nonprimate mammals lacking apo(a), in order to access this sequence in an insectivore and a primate lacking apo(a), we generated BAC libraries from genomic DNA of both the hedgehog and the prosimian lemur. Through the isolation and comparison of orthologous BAC clone sequences from hedgehog, mouse, lemur, baboon and human, we explored the evolutionary relationships of the apo(a)/plasminogen locus among these various species.
RESULTS AND DISCUSSION
Sequence analysis of the insectivore and primate apo(a)/plasminogen locus. The human apo(a) gene arose from the duplication of plasminogen, which is located within 40kb of apo(a) on chromosome 6 [15] (Fig. 2) . Plasminogen contains a protease domain and five distinct structural domains of the kringle family (type I-V) while apo(a) contains two of plasminogen kringles (IV and V) and lacks proteolytic activity (Fig. 1 ). Other features of primate apo(a) distinguishing it from plasminogen include an unpaired cysteine on the last kringle IV that allows it to be covalently bound to apoB, the major protein component of the plasma lipoprotein LDL. In addition, while plasminogen has but a single copy of kringle IV, apo(a) has 8-40 copies of this domain. A basic attribute of the single kringle IV in plasminogen and the multiple copies of kringle IV in primate apo(a) is that they possess fibrin binding pockets conferring fibrin binding activity.
Similar to human, analysis of the BAC containing hedgehog apo(a) revealed its localization within 40 kb of plasminogen. The extensive sequence similarities between these two genes indicate that also hedgehog apo(a) likely arose by duplication of plasminogen. Examination of the predicted hedgehog plasminogen amino acid sequence showed it to be 86% similar to its human ortholog, resulting in highly homologous protein secondary structures containing a proteolytic domain and five distinct kringle domains (Fig. 1A ). Comparing the human and hedgehog apo(a) genes to their respective plasminogen paralogs demonstrates informative similarities and differences ( -5 -addition, the protease activity of plasminogen is absent in both the insectivore and primate apo(a).
Important differences between human and hedgehog apo(a) include the specific plasminogen kringle amplified in apo(a) and the mechanism by which protease activity was lost. As shown in Fig. 1B , the kringle domain amplified in human apo(a) is most closely related to plasminogen kringle IV, while hedgehog apo(a) kringles cluster with plasminogen kringle III.
Notably, in hedgehog plasminogen it is kringle III and not kringle IV that contains the motif required for fibrin binding, supporting the independent duplication of functionally similar domains in these two species. In hedgehog apo(a) the absence of protease activity present in plasminogen is due to the deletion of the whole proteolytic domain while in primate apo(a) the proteolytic domain of plasminogen, though present, has been inactivated as a result of a mutation in the catalytic region. These observations indicate that plasminogen remodeling took place by distinct independent pathways in a subset of primates and insectivores to generate two molecules with very similar functional properties.
Sequence analysis of the plasminogen locus in mammals lacking apo(a).
While the above data strongly supports convergent evolution of apo(a) in primates and insectivores, gene loss is a second possible explanation for the absence of apo(a) in other mammals. If this were the case, we would predict that the plasminogen gene duplicated before the split of hedgehog ancestors from the other placental mammals and was subsequently inactivated in all species but those presently expressing the gene. To explore this possibility, we sequenced the genomic interval containing the plasminogen locus in additional mammals with and without apo(a), such as mouse and lemur (Fig. 2) . Primate and insectivore apo(a) represent a remarkable example of convergent evolution, the process where molecules independently acquire a similar function [17] . A number of examples of convergent evolution are available in nature. Similar catalytic activities have
been achieved in structurally distinct enzymes through the independent evolution of the same mechanism of action in the serine proteases subtilisin and chymotrypsin [18] and in a group of methionine sulfoxide reductases [19] . Functional convergence has been described for a variety of proteins, including myoglobin in abalone and vertebrates [20] and antifreeze glycoproteins in Arctic and Antarctic fishes [21] . While all these examples have in common the evolution of similar biological functions from unrelated ancestral genes, the emergence of the apo(a) gene illustrates a different pathway for convergent evolution. In the case of apo(a), 
